Extremely small quantities of carbon monoxide in air inhibit nitrogen fixation by red clover plants inoculated with Rhizobium trifolii . In preliminary trials with Azotobacter vinelandii Wyss (1941) found a similar inhibition at carbon monoxide concentrations about 10 times those required for the symbiotic system. We have made a detailed study of the inhibition of this azotobacter using several sources of combined nitrogen to determine specificity for the nitrogen fixation process. Two methods have been used, each of which possesses certain advantages: a macro method which periodically measures directly the nitrogen fixed and a micro method which indirectly estimates nitrogen fixation by determining the increase in rate of respiration with time. The macro method is relatively longtime, 30-40 hr in comparison with the 4-7 hr required in the respiration studies. The results of the macro experiments have been described by Lind and Wilson (1942) Wilson, 1941, 1942; Wyss, Lind, Wilson and Wilson, 1941) .
, but with asparagine the response was similar to that with N2 (see figure 2 ). In the absence of CO the k value for asparagine was 0.260 which decreased to 0.218 in the presence of 0. and to some extent with nitrate, resembled that of asparagine. 
HELIUM-OXYGEN SERIES
The foregoing results, together with similar ones from the macro total nitrogen studies, suggested that certain forms of combined nitrogen did not completely suppress fixation if Na was available and that the rate (k value) was greater for fixation of free N2 than for assimilation of these compounds. Results from experiments made in air, therefore, supply little information on the effect of CO on assimilation of these nitrogen sources because of the inhibition of the We chose helium instead of the customary hydrogen as the inert gas because the azotobacter possesses a powerful hydrogenase which might complicate the gas uptake readings if a H2-02 mixture was used. To test this, we compared the rate of assimilation of different forms of combined nitrogen in a H2-02 and a He-02 mixture. The helium was a specially purified product free of N2; the precautions adopted to insure complete absence of N2 in these flasks have been described by Wilson, Burris and Lind (1942) . Although this effort was not entirely successful, the quantity of N2 present did not appear to interfere with the assimilation of combined nitrogen. The k values for uptake of ammonium, nitrate and urea were not significantly different in the two gas mixtures (table 2) . With nitrite a small but significant increase in k was observed in the H2-02 series. It appears then, that gas uptake by the azotobacter on combined nitrogen in 80 per cent H2-20 per cent 02 is primarily, if not entirely, due to respiration. This conclusion was supported by other investigations which indicated that the hydrogenase activity of Azotobacter is slight under the conditions used in these experiments, namely, dilute suspensions and a partial pressure of oxygen (pO2) of 0.2 atm. . The use of H2 is decidedly advantageous as no special effort must be made to keep out traces of N2 from the gas mixtures since a pH2 of 0.8 atm. would effectually suppress any fixation . Results from both the macro and micro experiments indicated that about 0.6 per cent C0 was the critical concentration for testing the effect of this gas, since at this level, fixation of N2 is almost suppresed with little influence on uptake of ammonium and urea. In succeeding experiments, therefore, 80 per cent H2-20 per cent 02 gas mixtures with and without 0.6 per cent CO were employed.
HYDROGEN-OXYGEN SERES,
Ammonium and organic sources of nitrogen. Typical results from experiments with ammonium, urea, aspartate and asparagine are shown in figure 3. In agreement with the results obtained with the macro total nitrogen technique atmosphere. Later, it was found that a single transfer on the medium containing nitrate sufficed to bring about adaptation even though incubation was in air. As nitrite is toxic at a concentration higher than 50 ppm, and even at lower concentrations in the H2-02 mixture, adaptation with this nitrogen source was made in air using 40 ppm N02-N. As shown in figure 4 the rate of nitrate assimilation with an adapted culture is about twice that of a culture kept on N-free medium. The cause of our former variable results with nitrate is evident; the k value observed probably reflects primarily the opportunity afforded for adaptation to nitrate. As the suspensions grown on N-free medium were in contact with the nitrate medium for varying periods before the experiment was begun, the extent of adaptation would probably vary-depending on the physiological state of the culture as well as on time. Unexpectedly, the adapted cultures also showed an inhibition with FIG. 4 (1934) states that higher temperatures are optimal for assimilation of combined forms of nitrogen.
As is evident from the data in figure 5 and table 5 a small but consistent inhibition was obtained independent of the experimental variations tested. This inhibition was much less than with fixation of N2, ranging from 10 to 25 per cent and averaging about 15 with nitrate were unsuccessful. In several tests with the sulfanilic-a naphthylamine methods we detected less than 1y N02-N per liter.
"Adapted" cultures with organic nitrogen. In view of the results with nitrate and nitrite, adaptation to asparagine and glutamate was attempted. The concentration of organic nitrogen was 300 ppm. Growth was so poor in a H2-02 atmosphere that the cultures were kept in air although it is realized that adaptation to these sources of nitrogen may not occur in the presence of N2 as it does with nitrate and nitrite. In the first test ( fig. 6 ) with the "adapted" cultures, only those supplied with asparagine grew logarithmically. The k without CO was 0.214, with CO, 0.235, values definitely higher than those ordinarily obtained' with this source of nitrogen. In the second trial logarithmic growth occurred with none of the cultures. During the first 3 hours the k values with asparagine, rapidly during the remainder of the experiment. The chief point of interest here is that the changes in respiration rate even though not logarithmic were independent of the presence of 0.6 per cent CO, thus confirming with the "adapted" cultures the lack of CO inhibition with these sources of nitrogen. The effect of adaptation on utilization of these organic forms is being further investigated using the isotopic nitrogen technique.
DISCUSSION
Assimilation of free and combined nitrogen by Azotobacter vinelandii is inhibited by carbon monoxide in the following ways:
1. Fixation of free nitrogen is markedly and consistently inhibited by relatively low concentrations (0.1-0.6 per cent).
2. Aimilation of reduced forms of combined nitrogen such as ammonium, urea, asparagine, are hardly influenced in the same range of CO concentration. Certain evidence suggests a small inhibition (0-15 per cent) with these compounds, but it is not always observed. At higher concentrations (1-3 per cent) inhibition is more consistent, and in view of the known toxicity of CO for many biochemical reactions it would not be surprising if there was a general nonspecific effect (independent of source of nitrogen). Respiration by resting cells of Azotobacter, however, is not inhibited by such low concentrations of CO.
3. Assimilation of oxidized nitrogen compounds (nitrate, nitrite) apparently is inhibited by 0.6 per cent CO. This was not observed in the macro total nitrogen experiments , but with the more sensitive micro-respiration technique, definite inhibition was noted in the majority of trials. In comparison with N, the inhibition of nitrate asimilation is small; at 0.6 per cent CO nitrogen fixation may be almost completely eliminated, but uptake of nitrate nitrogen is reduced only about 15 per cent.
From these results it is evident that inhibition of nitrogen fixation by carbon monoxide is distinctly different from hydrogen inhibition of this process.' With H2 the inhibition is definitely qualitative; with CO, only quantitative. Carbon monoxide, it is concluded, specificaUy inhibits fixation of N, by the azotobacter in the sense that in a given low range of CO concentration quantitatively much larger inhibition is observed when N2 must be fixed than when combined forms are available. At certain low concentrations fixation of nitrogen is definitely inhibited with no effect on assimition of combined forms, but as the pCO is raised, first, nitrate assimilation is inhibited, then a general inhibition obtains. The non-specific inhibition is possibly operative on some growth process not concerned with nitrogen assimilation.
The specific inhibition of N, fixation might be regarded as a special case of a more general specific inhibition of enzymes concerned with reduction of oxidized ' The specificity of the hydrogen inhibition is emphasized by the results in this report. The previous finding that uptake of NH4NOs-N by Azotobacter vinelandii is independent of whether Hi or He serves as the diluent gas is now extended to include the combined nitrogen in ammonium acetate, potassium nitrate, sodium nitrite and urea. nitrogen compounds. If so, evidently the system responsible for reduction of N2 is much more sensitive to CO than that which reduces NO3 or NO2. The reduction of all these nitrogen sources probably involves several enzymecatalyzed steps, and although the particular step which limits the overall reaction may change, in the case of N2 fixation it is always CO-sensitive (heavy metal prosthetic group?). With nitrate reduction, however, either this is not true or processes other than the reduction may, under certain circumstances, limit the rate of growth. In either case the CO affinity of the enzyme (s) which catalyzes N2 reduction is much higher than that of the enzyme(s) which reduces nitrate.
These studies incidentally provided data on the rate of utilization of different forms of nitrogen by Azotobacter vinelandii. The outstanding result is the comparatively few compounds which are readily used by this organism. With the possible exception of N2 all are easily convertible into NH3-N. The maximum rates of assimilation were observed with ammonium salts and urea; even with temperatures which are sub-optimal according to Burk (1934) The results with aspartate and glutamate are of interest since these sources of nitrogen are believed to be key compounds in the nitrogen metabolism of the azotobacter as with other plants and animals. When supplied to cells previously grown in air on N-free medium, the k value for their assimilation rarely exceeded 0.10. Whether this could be increased with adapted cultures cannot yet be stated since there is difficulty in obtaing suitable growth under conditions which will insure adaptation. In limited experiments with unadapted cultures assimilation was poor to nil with N20, arginine, alanine, and at times with aspartate and glutamate. Glycine and NH20H were definitely toxic.
UMMARY
Nitrogen fixation by Azotobacter vinelandii is specifically inhibited by carbon monoxide in micro-respiration experiments. The range in which specific inhibition obtains (0.1-0.5 per. cent) is about 10 times greater than is required for a similar inhibition of the symbiotic system in inoculated red clover plants.
The results of these experiments are almost identical with those obtained in macro total nitrogen studies and thus confirm the reliability of the indirect micro-respiration method for investigating the mechanism of biological nitrogen fixation. The chief difference in the results is that the respiration method indicates a small but definite inhibition of nitrate reduction by CO and a somewhat
